Magnetic Interactions and Transport in (Ga,Cr)As 
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The magnetic, transport, and structural properties of (Ga,Cr)As are reported. Zincblende 
Gai_j,Cra;As was grown by low-temperature molecular beam epitaxy (MBE). At low concentrations, 
x~0.1, the materials exhibit unusual magnetic properties associated with the random magnetism 
of the alloy. At low temperatures the magnetization M(B) increases rapidly with increasing field 
due to the alignment of ferromagnetic units (polarons or clusters) having large dipole moments 
of order 10-10^ /is. A standard model of superparamagnetism is inadequate for describing both 
the field and temperature dependence of the magnetization M(B,T). In order to explain M(B) at 
low temperatures we employ a distributed magnetic moment (DMM) model in which polarons or 
clusters of ions have a distribution of moments. It is also found that the magnetic susceptibility 
increases for decreasing temperature but saturates below T=4 K. The inverse susceptibility follows 
a linear-T Curie- Weiss law and extrapolates to a magnetic transition temperature 9=1Q K. In mag- 
netotransport measurements, a room temperature resistivity of p=0.1 f2cm and a hole concentration 
of ^10^" cm~^ are found, indicating that Cr can also act as a acceptor similar to Mn. The resis- 
tivity increases rapidly for decreasing temperature below room temperature, and becomes strongly 
insulating at low temperatures. The conductivity follows exp[ —(Ti/T)^'''^ ] over a large range of 
conductivity, possible evidence of tunneling between polarons or clusters. 

PACS numbers: 75.50.Pp, 73.61.Ey, 72.15.Rn 



I. INTRODUCTION 



Utilizing the spin property of electrons is expected to 
add another dimension to conventional electronics which 
relies only on the charge property of electrons. The 
emerging field of spin electronicsi'^'^ has been ushered in 
by the promise of several spin-transport devices. These 
include: (i) sensitive magnetic field sensors useful for 
reading magnetically stored information, based on the 
giant magnetoresistance (GMR) effectf^ {ii) spin- valves 
based on the magnetic tunnel junction (MTJ)^^*! (iji) the 
spin field effect transistor (spin-FET)(£ and (iv) mag- 
netic random access memories (MRAM) utilizing GMR 
or MTJ. 

Even prior to these spin devices, there has been 
considerable research aimed at synthesizing new fer- 
romagnetic materials which are compatible with con- 
ventional semiconductors and semiconductor processing. 
Magnetic semiconductors have been actively researched 
for nearly half a century, beginning with europium 
chalcoginides {e.g. EuX, X=S, Se, Te).9-io This was fol- 
lowed in the 1980's by II- VI diluted magnetic semicon- 
ductors {e.g. (Cd,Mn)Te, (Zn,Mn)Se)jiiJ^ then recently 
III-V ferromagnetic semiconductors {e.g. (In,Mn)As 
and (Ga,Mn)As)-iiJiJi Although Gai_:rMn^As pos- 
sesses robust ferromagnetism for manganese concen- 
trations near x=0.05, it is only ferromagnetic be- 
low Tc<110.^'^4iS4ii More recently there have been re- 
ports of higher temperature ferromagnetic semiconduc- 
tors, including hexaborides (Ca,La)B6r^ phosphides 
(Cd,Mn,Ge)P2,l^ oxides (Ti,Co)022° and (Zn,V,Co)0,21 
nitrides (Ga,Mn)Nf22iS and antimonides (Ga,Mn)Sb,^**. 
In addition, using chromium points to high transi- 
tion temperatures in III-V materials2S*2& and II- VI 



materials. Furthermore, calculations indicate strong 
ferromagnetism in (Ga,Cr)Asr& and the zincblende 
forms of CrAs^a and MnAsi^ 

GaAs doped with Cr was the focus of research a 
decade ago because the addition of Cr makes GaAs semi- 
insulating for use in electronic applications,'^^ Similar to 
Fe doping, Cr in GaAs acts as a deep acceptor which 
compensates native donors making the material highly 
resistive. GaAsiCr also possesses photoconduction,''^ the 
photorefractive effect and optically induced change 
in the Cr valence state^i. The magnetic properties 
of (Ga,Cr)As alloys containing substantial concentra- 
tions of Cr are now being explored. This stems from 
the ability to grow GaAs with transition metals using 
low temperature molecular beam epitaxy (MBE) The 
first study of (Ga,Cr)As alloys revealed superparamag- 
netic behavior for x=0.03.'^^ Results have also been re- 
ported for (Ga,Cr)As with x==0.11,26 and CrAs^e. The 
present study is aimed at investigating the properties of 
Gai_a;Cra;As with a Cr concentration of x=0.10. 

Magnetic, transport, and structural studies were car- 
ried out on samples of Gai_a;Cra;As with x=0.1 grown 
by low temperature MBE. Magnetic properties were in- 
vestigated using a superconducting quantum interference 
device (SQUID) magnetometer in magnetic fields up to 
5 T and temperatures T=2 to 300 K. The magnetization 
M(B) at low temperatures increases much faster for in- 
creasing B than expected for single magnetic ions. This 
behavior is evidence of ferromagnetic coupling between 
magnetic ions. However, there are many features which 
cannot be explained by a simple model of para- or super- 
paramagnetism: (1) the low field magnetization is non- 
linear in B (field dependent susceptibility); (2) the mag- 
netization deviates strongly from 1/T behavior at low 
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temperatures; and (3) the magnetization requires a clus- 
ter model having a wide distribution of cluster or polaron 
magnetic moments. Although all of the magnetic char- 
acteristics cannot be explained by a single model, some 
features can be described by a distributed magnetic mo- 
ment (DMM) model having a large distribution of mag- 
nteic moments. 

Transport measurements show mild conductivity at 
room temperature where p~0.1 Qcm, and strong insu- 
lating behavior at low temperatures. Near room temper- 
ature, the conductivity is activated and Hall measure- 
ments yield a hole concentration >10^'^ cni^^^. This in- 
dicates that Cr also acts as a deep acceptor similar to 
shallower Mn. It is remarkable that the conductivity fol- 
lows exp[ — (Ti/T)^/^ ] over 8 orders of magnitude change 
in (7, implying a hopping mechanism at lower tempera- 
tures. X-ray diffraction scans exhibit a zincblende struc- 
ture having a larger lattice constant than GaAs. 



II. EXPERIMENTAL CONDITIONS 

(Ga,Cr)As layers were grown on epiready (100)- 
oriented GaAs substrates by low temperature MBE us- 
ing solid source elements. Effusion cell temperatures 
were 980 C for Ga, 275 C for As, and 940 C for Cr. 
The Cr-to-Ga flux ratio was monitored by a quartz crys- 
tal thickness monitor, and the As-to-Ga flux ratio was 
set to approximately 15 by monitoring the flux with a 
nude ion gauge. After thermally removing the surface 
oxide from the substrate at 630 C for 10-20 minutes 
in As flux, a 100 nm thick layer of a high tempera- 
ture GaAs was grown at 580 C, followed by a 100 nm 
layer of low temperature GaAs grown at 220 C, then the 
200 nm thick layer (Ga,Cr)As was deposited at 220 C 
at a rate of 0.1 nm/s. Chromium has higher diffusion 
than Mn in GaAs, requiring lower substrate tempera- 
tures around 180-220 C instead of 250 C typically used 
to grow (Ga,Mn)As. Cr concentrations were determined 
by Auger electron spectroscopy and x-ray photoelectron 
spectroscopy (XPS). Magnetization measurements were 
performed in a variable temperature 5 T superconduct- 
ing quantum interference device (SQUID) magnetometer. 
Plots of the magnetization data were obtained after sub- 
tracting the diamagnetism of the substrate, which was 
Xstt6=-(2.19±0.01)xl0~'' emu/gG. Four-wire conductiv- 
ity measurements were made on a standard Hall bar ge- 
ometry sample, approximately 4x9 mm in size, placed 
in a closed cycle cryostat operating between T=4 and 
300 K. Because of the high sample resistivity at low tem- 
peratures, the DC current was measured while holding 
the voltage at 1 V. Hall measurements were made in the 
cryostat which was placed in a cryogen-free 14 T super- 
conducting magnet having a 52 mm diameter room tem- 
perature bore. 



III. RESULTS AND DISCUSSION 

A. Field-dependent and Temperature-dependent 
Magnetization 

The field dependence of the magnetization, M(B), is 
shown in Fig. 1 for temperatures ranging from T=:2 to 
30 K and fields up to B=5 T. At low temperatures M(B) 
approaches saturation after several tesla. The increase 
of M(B) in Fig. 1 for increasing B is much faster than a 
paramagnetic response. The dashed curve is a Brillouin 
function for T=2 K, representing the response of single 
(S=2, g=2) ions. At low fields, the experimental data 
for T=2 K is many times larger than the Brillouin func- 
tion. From this data it is possible to rule out a majority 
paramagnetism, but it is difficult to tell whether M(B) 
is attributed to ferromagnetic or to superparamagnetic 
response. The additional magnetism at low fields sug- 
gests that the field is aligning groups of magnetic ions 
rather than single ions. This behavior is clear evidence 
of ferromagnetic interaction between Cr ion moments. 
The interaction couples many ions into ferromagnetic 
groups of ions having a large dipolc moment which is 
many times that of a single ion. Groups of ions in so- 
called superparamagnets are typically much smaller in 
size than domains in ferromagnets and lack their do- 
main wall effects. The magnetization of individual super- 
paramagnetic blocks have a Langevin function response, 
L(/iB/kT). It was found that the present M(B/T) data at 
various temperatures do not scale with B/T. This behav- 
ior was also observed in a sample with x=0.03 for which 
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FIG. 1: Magnetization saturation of Gai_2,Cra;As, x=0.095. 
The magnetization, M(B), is plotted as a function of applied 
magnetic field B for various temperatures from T—2 (top 
curve) to 30 K (bottom curve). The field was applied paral- 
lel to the epitaxial layer and the substrate diamagnetism has 
been subtracted. The dashed curve is a Brillouin function for 
S=2, g=2, and T=2 K. 
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M was plotted as a function of B/T, and the M(B/T) 
data at various temperatures did not reduce to a single 
curvei^ We conclude that the behavior of M(B,T) is not 
that of a simple paramagnet or superparamagnet. 

Near B=5 T, the average magnetic dipole moment per 
ion is found to be p=(/i)//^B=1.4. This is a factor of 2 
to 3 smaller than expected if all the ions are aligned. In 
that case, p=3 or 4, for Cr3+(S=3/2, g=2) or Cr2+(S=2, 
g=2), respectively. The remainder of the magnetization 
presumably requires much higher fields to saturate. The 
Cr ions giving rise to the missing magnetization prob- 
ably exist in a second phase. Although the RHEED 
and x-ray diffraction results did not show any apprecia- 
ble crystal phases other than the zincblende structure, 
second phases cannot be ruled out. Another possibil- 
ity is that those ions have a different electronic struc- 
ture resulting in neither paramagnetic nor ferromagnetic 
response to the applied field. Other reported magnetic 
measurements of (Ga,Cr)As also find reduced values of 
p. Values range from p=2.7 for x=0.009^ to p=2.1 for 
x=0.034,35. and p=1.0 for x=0.11i^. This trend of de- 
creasing p for increasing x has been observed for a range 
of X up to x=0.065, where it appears that the moment 
falls off approximately as p oc 1/xi^ 

Finally, we note that the present samples do not show 
hysteresis in the M(B) measurements for temperatures 
down to T=1.9 K for either orientation of the mag- 
netic field. This contrasts with a previous study of 
an x=0.11 sample which showed temperature dependent 
hysteresis]^ In that study the remanent field decreased 
with increasing temperature leading to a transition tem- 
perature of Tc^40 K. Those measurements also con- 
tained an unexplained temperature independent rema- 
nence which was the same magnitude as the temperature 
dependent remanence. 



B. Modeling of M(B) 

The M(B) dependence has a unique behavior and can- 
not be fit to any simple function. Two models are con- 
sidered here for M(B): 

(z) bound magnetic polaron (BMP) model; 

(m) distributed magnetic moment (DMM) model. 
In a BMP one itinerant carrier (electron or hole) is bound 
to a charged center and there are a number of magnetic 
ions within the carrier's orbit>^S*^ Because the carrier's 
orbit size is predetermined in donors and acceptors, the 
number of ions (n) in each BMP is about the same for 
each BMP. This makes the magnetic dipole moment of 
all BMPs equal, except for statistical differences amount- 
ing to ^/n. The sp-d exchange interaction between the 
carrier and magnetic ions creates a ferromagentic bubble. 
We propose a DMM model which is similar to the BMP 
model. The main difference is that the clusters or po- 
larons can contain more than one carrier, and they have a 
broad distribution in size and hence a broad distribution 
in dipole moment. In addition, the carriers need not be 



localized by charged centers fixed to the lattice - the car- 
riers can be localized in groups by Anderson-type disor- 
der. Also because of the high density of DMMs, they can 
be magnetically coupled to one another or even form a 
percolating network. Coupled BMPs have been discussed 
previously for II- VI diluted magnetic semiconductors^^ 

Both the BMP and DMM models have a 
superparamagnetic-like M(B) response, in which 
blocks of ferromagnetically coupled ion spins with large 
dipole moments align in the field. Generally, BMPs 
and DMMs are soft ferromagnets which do not possess 
remanence and coercive fields giving rise to hysteresis. 
On the other hand, ferromagnetic domains are char- 
acteristically different because of their interesting and 
important domain wall effects. Other than that, the 
magnetism exhibited by these differ primarily in the 
scale or size of the discrete magnetic blocks. In all three 
cases, the field dependence of the total magnetization 
usually takes place in two physically distinct steps: (i) 
the total moment of individual blocks align in a field 
even though each block may not be fully saturated at a 
finite temperature; (ii) the moment within each block 
increases up to saturation as the ions become fully 
aligned. For example, in standard ferromagnets the 
moment of each domain aligns in a small field to reach 
its "technical" saturation, followed by a further increase 
of magnetization at much higher fields as the moment of 
individual domains increases towards full saturation. 

Figure 2 shows M(B) for T=2 K, with the field axis 
plotted on a log scale in order to display both low and 
high field behaviors. We first neglect the temperature de- 
pendence of M and focus on the M(B) behavior at T=2 K, 
displayed in Fig. 2b. We begin by computing M(B) using 
a simple BMP model. In this model the total magneti- 
zation is produced by many equal blocks, each charac- 
terized by a large classical magnetic moment, fi, aligning 
in a field B at a fixed temperature T. The magnetization 
for this, from the Langevin function, is given by 



MiB) = Ms 



1/tanh f — I 



where Mg is the saturation moment, and 
fc=l/11.6 meV/K. Assuming strong ferromagnetic 
coupling of n magnetic ions in each block, their moment 
is approximated by the sum of the ion moments, 

= ngSfiB, 

where n is the number of ions which are ferromagneti- 
cally coupled, g the Lande factor, S the spin of individual 
ions, and /xb=0.0579 meV/T. The long-dashed curve in 
Fig. 2b is a fit to the data points with /i//iB = 15. This 
value is equivalent to about four S=2(g=2) magnetic ions 
which are coupled ferromagnetically. However, the fit to 
the data is poor. There is additional magnetization at 
low fields, as well as too little at higher fields. Also, as 
discussed in the last section, the data for different tem- 
peratures do not scale with the argument of the Langevin 
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function. Thus, the BMP model is unable to describe the 
M(B) data, even at one temperature. It does establish 
that some ions are ferromagnetically coupled. 

In our DMM model we employ a distribution in the 
magnetic moments of the polarons. The magnetization 
becomes 



M{B) 



where is the distribution function of the magnetic 
moments. The M(B) data at T=2 K can be fit quite well 
using only three dipole moments in the sum, /i//iB=2, 10, 
150. This result is shown by the solid curve in Fig. 2b. 
The three separate Langevin functions from the fit are 
shown by the short-dashed curves. Although this fit is 
not unique, it points out that the distribution width en- 
compasses several orders of magnitude in magnetic mo- 
ment. This distribution is much broader than the typi- 
cal ^/n ion distribution in fixed diameter acceptor-bound 
holes in BMPs. Furthermore, it is also useful to con- 
vert the three dipole moments into corresponding cluster 
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FIG. 2: Magnetization M versus log(B) of Gai-2,Cra; As, 
x=0.095. The log of the field is plotted in order to show 
the low field behavior. Data for temperatures T=2-30 K are 
shown in (a). In (b), M(B) is plotted for T=2 K, where 
the points are experimental data. The long-dashed curve is a 
Langevin function with /^//^b = 15. The solid curve shows a fit 
to the sum of three Langevin functions with magnetic dipole 
moments /i//is=2, 10, and 150. The three Langevin func- 
tions are plotted separately as short-dashed curves. The field 
was applied parallel to the epitaxial layer and the substrate 
diamagnetism has been subtracted. 



diameters. For x=0.1 the three dipole moments corre- 
spond to clusters or polarons having diameters of 0.8, 
1.3, 3.2 nm, respectively, assuming S=2(g=2) ions. This 
factor of 4 in size distribution is not unreasonable con- 
sidering the sizable alloy disorder and electrical inhomo- 
geneity in low temperature MBE grown alloys. 



C. Temperature-dependent Susceptibility and 
Ferromagnetism 

Figure 3a shows the magnetic susceptibility as a func- 
tion of temperature, x(T). The low- field susceptibility 
was determined from the measured magnetization by 
X=M(T)/B for fields of B=150, 250, and 500 G. (Note 
that M/B is not field independent — the data for the 
three fields do not coincide at any temperature.) For all 
three fields, the susceptibility strongly increases for de- 
creasing temperature. Below T=4 K, x(T) flattens out 
or saturates. Conventional ferromagnets show saturation 
in x(T) when the sample becomes demagnetization lim- 
ited., and the onset temperature is a lower bound for long 
range ferromagnetism^i The observed saturation of x(T) 
below T=4 K could also be a lower bound for the ferro- 
magnetic transition observed in the Curie- Weiss behavior 
discussed below. 

The inverse susceptibility was plotted in order to see 
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FIG. 3: In (a), the magnetic susceptibility, M/B, of 
Gai-ajCr^^As, x=0.095 is plotted as a function of tempera- 
ture. M(T)/B=x(T) was derived from the magnetization in 
fields of B=150, 250 and 500 G applied parallel to the epitax- 
ial layer, and the substrate diamagnetism was carefully sub- 
tracted from M. Below T=4 K, x saturates. In (b), the inverse 
susceptibility, x~^(T), is plotted for B=l T. The straight line 
represents a fit to the Curie-Weiss law with 6^=10.0 K and 
Curie constant C=0. 00676 emu-K/cm^G. 
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whether the Curie- Weiss law describes the paramagnetic 
response of the magnetic ions at higher temperatures. 
Figure 3b shows the temperature dependence of x^^(T) 
obtained from M(T) taken at B=0.2 and 1 T. At tem- 
peratures above T=30 K, x~^(T) is hnear in tempera- 
ture for the susceptibihty measured at B=l T. However, 
X~"'^(T) obtained from the low field data is nonlinear in T. 
Nonlinearity was also found at lower fields, B=150, 250 
and 500 G. This non-Curie- Weiss behavior for suscepti- 
bility measured at low fields is related to the nonlinear- 
ity in M(B) at low fields, which is due to ferromagnetic 
response of the magnetic polarons. The data taken at 
B=l T was compared to the Curie- Weiss law. 



X 



C 



where C^SNopVI/Sk, p2=g2S(S+l), 

No=2. 2x10^2 cm-3, ^^=9.27x10-21 emu/G, and 
k=l. 38x10-^6 erg/K. The straight line is a fit to the 
data for temperatures above T=30 K with 0=10.0 K 
and C=0.0068 emu-K/cm'^G. From the Curie constant, 
the average dipole moment per ion is p=3.1. This value 
obtained from the paramagnetic behavior is twice that 
found from the M(B) behavior at low temperatures. As- 
suming g=2, the computed average spin is S=1.54, close 
to S=3/2 for Cr^+. Finally, it is clear from the positive 
9 that there are sizable ferromagnetic interactions. 



D. Resistivity 

The materials are relatively good conductors at high 
temperatures, having a small room temperature resis- 
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FIG. 4: Hole concentration and conductivity versus inverse 
temperature of Ga.\-xCrx^s, x=0.095. The solid points are 
hole concentrations from Hall measurements, while the crosses 
are conductivity. The plotting scales have been shifted to 
overlap the data. The straight line is a fit to the data for ac- 
tivated conductivity (T=(Joexp(— EA/kT), with an activation 
energy Ea=66 meV. The conductivity contains data points 
from both increasing and decreasing temperature sweeps. 



tivity, p=0.1 r^cm. This is in the same range as that 
observed for (Ga,Mn)As, which has resistivity about an 
order of magnitude lower for conducting samples and one 
to two orders of magnitude higher in insulating samples. 
For decreasing temperature, the resistivity of (Ga,Cr)As 
increases by many orders of magnitude and becomes insu- 
lating. This behavior is similar to insulating (Ga,Mn)As, 
which shows insulating behavior for x<0.02 and x>0.06- 
Q 08,14,4243 jv^Q^g ^Yv&t (Ga,Mn)As at x=0.02 is both an 
insulator and shows ferromagnetism.M The resistivity of 
(Ga,Cr)As is activated at high temperatures. In Fig. 4 
the log of the conductivity, log((T), is plotted versus 1/T. 
It is clear that log(cr) is linear in 1/T at high tempera- 
tures, from T=150 to 300 K. For this temperature range 
the activated conductivity follows 

o- = (To exp{-EA/kT), 

with an activation energy E^=66±l meV. This energy is 
much smaller than 0.8 eV for the Cr^-I- to Cr'^-f acceptor- 
like transition in GaAs4i At the high doping levels ap- 
propriate to the present samples, the conduction involves 
activation from an effective band of electrons formed 
from the Cr d-levels and disorder-induced band broad- 
ening. Hall measurements were used to estimate the car- 
rier concentration above T=200 K where the conduction 
is activated, but Hall measurements are not reliable^ 
at lower temperatures where the conduction is due to 
hopping. In the activated region near room tempera- 
ture. Hall measurements reveal hole conduction. The 
two p(T) data points at T=200 and 300 K have the same 
slope as o'(T). The p(T) data in Fig. 4 extrapolates to 
p=3x lO'^^ cm-'^, which is close to the density of Cr ions, 
xNo=2. 1x10^1 cm-3. 

In order to better understand the conduction mech- 
anisms, a is plotted with /3=1, 1/2, 1/3, and 1/4 in 
Fig. 5a. From these four plots, it appears that the data 
for /3=l/2 has the highest linearity. This is displayed on 
an expanded scale in the lower plot. Fig. 5b. The data 
is remarkably linear over the entire range of conductivity 
of nearly nine orders of magnitude. (Some curvature is 
seen at higher temperatures where the conductivity has 
the exp[l/T] activation.) The straight line in Fig. 5b is 
a fit to the data using 



.1/2 



(7(T) = aiCxp -(Ti/T) 



with (71=1.1x10^ n-^ciR-^ and Ti = 1.5xl0'* K. 

A temperature exponent of /3=l/2 has been shown to 
represent: (i)variable range hopping in doped semicon- 
ductors having a soft Coulomb gap; or (M)tunneling be- 
tween conducting regions in granular metalsiAS Hopping 
conduction in (Ga,Cr)As has been suggested on the ba- 
sis of the low mobilityi^^ Also, an exponent of (3=1/2 
has been observed for a sample with x=0.02 over a range 
of conductivity of 2 and 1/2 orders of magnitude^ In 
the case of a Coulomb gap, electron-electron interactions 
produce a gap in the density of localized states, with zero 



6 





10 F 




1 V 


'e 


io' 


o 






10-^ 








10-'' 




lO'** ^ 




0.1 0.2 0.3 0.4 0.5 
I/t" (K"'') 



o 



10' 



10" 



10' 



10 



10" r 



300 



T(K) 

100 50 30 20 



10' 



a=a,exp[-(T, /J)" 
T = 1.5x10" K 




Ga,^Cr^As 
x=0.10 



0.05 



0.10 0.15 



0.20 



0.25 



FIG. 5: Log conductivity versus temperature of Gai_ 2, Crx As, 
x=0.095. The four curves in (a) are plotted on the abscissa 
as 1/T'', where /3=1, 1/2, 1/3, and 1/4. The best linear rela- 
tionship corresponds to 13—1/2 and is shown on an expanded 
scale in (b). The straight line fit to the data in (b) repre- 
sents a-=o-iexp[ -(Ti/T)^/^ ], where cri=l.lxlO* r2"^cm"^ 
and Ti = 1.5xlO^ K. The plot contains data points from both 
increasing and decreasing temperature sweeps. 



density at the Fermi level, E^?, and a parabolic depen- 
dence on either side of E^?. This model relies on the in- 
teraction between localized carriers as they hop from an 
occupied state below E^ to an unoccupied state above 
Epm^ The Coulomb gap mechanism is active when the 
temperature is less than the gap energy. The gap energy 
for Cr could be substantial because of the small radius of 
the acceptor-like states. On the other hand, the exponent 
/?=l/2 can be related to tunneling between conducting 
regions, where the conducting objects are the clusters or 
magnetic polarons which are observed in the magnetiza- 
tion. Although it is remarkable that /3=l/2 over a range 
of a of nearly a billion, the precise mechanism giving rise 
to the exponent requires further modeling. However, the 
mechanism of tunneling between clusters is favored over 
that of a Coulomb gap since the magnetization demon- 
strates the existence of conducting clusters or polarons 
which are isolated at low temperatures. 
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FIG. 6: X-ray diffraction scan of the (400) reflection of a 
200 nm layer of Gai-^Cr^^As, x=0.095, on a GaAs substrate. 
The large peak at higher angle is due to the GaAs substrate 
and the smaller peak at lower angle is due to the (Ga,Cr)As 
layer. The two solid curves correspond to the data points after 
subtracting Gaussian (higher amplitude peak) and Lorentzian 
functions fit to the GaAs peak. 



E. X-ray Diffraction 



X-ray diffraction scans did not show any appreciable 
peaks not related to the zincblende structure, however, 
this does not rule out the possibility of small precipi- 
tates or materials having another crystal structure. The 
x-ray diffraction spectrum for x=0.10 is shown in Fig. 6. 
There is a second peak near 20=66°in the (400) spec- 
trum. This weaker peak is down-shifted in angle from 
the stronger GaAs substrate peak. The smaller angle cor- 
responds to a larger lattice constant for the (Ga,Cr)As 
relative to GaAs. The down-shift of A26'=-0.094° cor- 
responds to a lattice constant expansion in the growth 
direction of Aa2=0. 000112 nm. Similar to (Ga,Mn)As, 
we expect that layers of (Ga,Cr)As are fully strained 
for thicknesses much larger than the critical thicknessii^ 
In general, alloys grown at low temperatures have two 
contributions giving rise to a different lattice constant. 
Even without alloying, low temperature growth of GaAs 
produces a larger lattice constant The change in lat- 
tice constant of (Ga,Cr)As with Cr concentration has 
been measured for x=0 to 0.06, where it was found that 
daz/dx= -I- 0.0082 nmJI This expansion is smaller than 
that for (Ga,Mn)As, where da^/dx=-h0.032 nmi4 Note 
that (Ga,Cr)As has a 4 times closer lattice match to 
GaAs than (Ga,Mn)As. However, searching the litera- 
ture for az{x) data for (Ga,Mn)As it appear that az(x) is 
not unique and the derivative, da^/dx, varies by as much 
as a factor of two in samples grown in different labora- 
tories. This means that the x-ray spectrum cannot be 
used to determine the concentration, unless perhaps the 
preparation conditions, such as As/Ga flux ratio, sub- 
strate temperature, growth rate, and post annealing are 
relatively unchanged. 
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IV. CONCLUSIONS 

(Ga,Cr)As at low Cr concentrations shows anomalous 
behavior in the magnetic and transport properties due to 
the random alloy nature of the magnetic and electronic 
interactions. At low temperatures M(B) rises much faster 
for increasing field than expected for uncoupled param- 
agnetic ions. This is evidence of short-range ferromag- 
netism between Cr ions. The M(B) dependence is com- 
patible with a model of local ferromagnetism in mag- 
netic clusters or polarons having a large distribution in 
magnetic moment. However, this model cannot explain 
the temperature dependence and further modeling is re- 
quired to obtain a satisfactory picture of the inhomoge- 
neous magnetism, including the saturating susceptibil- 
ity at low temperatures. A positive 0=10 K from the 
high temperature susteptibility is also support for siz- 
able ferromagnetic interactions. The mechanism for the 
ferromagnetism is not yet known. The situation could 
be similar to the long range ferromagnetism observed 



in (Ga,Mn)As, but the smaller hole wavefunction of the 
deeper Cr acceptors could give rise to strong localizing 
effects for quasi-itinerate holes. It is also possible that 
double exchange between the deep Cr acceptors could 
play a major role. Finally, it is remarkable that the con- 
ductivity below room temperature can be described by 
exp[ — (Ti/T)^/^ ] over a large range of conductivity of 8 
orders of magnitude. 
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